The Vibrio vulni®cus nuclease, Vvn, is a non-speci®c periplasmic nuclease capable of digesting DNA and RNA. The crystal structure of Vvn and that of Vvn mutant H80A in complex with DNA were resolved at 2.3 A Ê resolution. Vvn has a novel mixed a/b topology containing four disul®de bridges, suggesting that Vvn is not active under reducing conditions in the cytoplasm. The overall structure of Vvn shows no similarity to other endonucleases; however, a known`bba± metal' motif is identi®ed in the central cleft region. The crystal structure of the mutant Vvn±DNA complex demonstrates that Vvn binds mainly at the minor groove of DNA, resulting in duplex bending towards the major groove by~20°. Only the DNA phosphate backbones make hydrogen bonds with Vvn, suggesting a structural basis for its sequence-independent recognition of DNA and RNA. Based on the enzyme±sub-strate and enzyme±product structures observed in the mutant Vvn±DNA crystals, a catalytic mechanism is proposed. This structural study suggests that Vvn hydrolyzes DNA by a general single-metal ion mechanism, and indicates how non-speci®c DNA-binding proteins may recognize DNA.
Introduction
Protein±nucleic acid interactions play many important cellular roles, including regulating DNA replication, controlling gene expression and DNA housekeeping, such as maintaining a supercoiled state, performing damage and mismatch repair, allowing recombination, restricting foreign DNA, and the processes of DNA ligating, methylating and degrading. A wealth of information regarding how proteins select DNA target sites has been discovered through biochemical, structural and statistical analysis in site-speci®c DNA-binding proteins, such as transcription factors (Burley, 1994; Jones et al., 1999; Wolberger, 1999; Pabo and Nekludova, 2000) . However, non-speci®c protein±DNA interactions have not been so well studied due to the small number of resolved three-dimensional structures of non-speci®c protein±DNA complexes.
DNA endonucleases provide good opportunities to investigate sequence-independent recognition between proteins and DNA. The most well studied endonucleases in bacteria are the type II restriction enzymes (Kovall and Matthews, 1999; Pingoud and Jeltsch, 2001 ). These restriction enzymes bind DNA non-speci®cally, but cleave only short palindromic DNA sequences in the presence of Mg 2+ at speci®c sites where large DNA conformational changes are triggered upon enzyme binding. The major biological function of restriction enzymes is to cleave foreign unmethylated DNA and thereby protect the host methylated genome (Kobayashi, 2001) . In prokaryotic organisms, a variety of other types of endonucleases involved in the protection of bacterial cells have been identi®ed, but differ from restriction enzymes in that they cleave DNA in a sequence-independent manner. Examples include Escherichia coli colicins, such as ColE7 and ColE9 (Ku et al., 2002; Walker et al., 2002) , which are secretory endonucleases that digest chromosomal DNA to kill target cells, thereby enabling the host cells to have a better survival advantage during times of stress.
Vvn from Vibrio vulni®cus (Wu et al., 2001) belongs to a family of periplasmic or extracellular nucleases that represent another class of non-speci®c endonucleases which are also involved in protecting bacterial cells. This family of enzymes include Dns from Vibrio cholerae (Focareta and Manning, 1987) , NucM from Erwinia chrysanthemi (Moulard et al., 1993) , EndoI from Escherichia coli (Jekel and Wackernagel, 1995) , and Dns and DnsH from Aeromonas hydrophila (Chang et al., 1992; Dodd and Pemberton, 1996) . These endonucleases all contain a signal peptide located at the N-terminus and eight strictly conserved cysteine residues. The signal peptides are cleaved off during the enzymes' transportation from cytoplasm to periplasm, resulting in a mature protein of an average size of~25 kDa (see Figure 1 ). All of these endonucleases are capable of digesting both DNA and RNA and are only active in their oxidized form (Wu et al., 2001) . Some of them are extracellular endonucleases, such as the Dns from V.cholerae, which is released to degrade DNA in the environment possibly to reduce the rate of DNA transformation (Focareta and Manning, 1987) . Periplasmic enzymes, including Vvn and EndoI, guard the cell wall against the uptake of foreign DNA during transformation. Escherichia coli mutants lacking endA (encoding EndoI) or V.vulni®cus mutants lacking vvn can be transformed more ef®ciently, but they resemble wild-type cells with regards to growth rate, conjugational properties and their ability to propagate various phages (Durwald and Hoffmann-Berling, 1968; Wu et al., 2001) . The dns-de®cient V.cholerae and vvn-DNA binding and cleavage by the periplasmic nuclease Vvn: a novel structure with a known active site The EMBO Journal Vol. 22 No. 15 pp. 4014±4025, 2003 de®cient V.vulni®cus mutants showed no observed virulence effects in the mouse model (Focareta and Manning, 1991; Wu et al., 2001) , indicating that Dns and Vvn were not required for the bacterial virulence.
Here we report the crystal structures of Vvn and a Vvn mutant in complex with an 8 bp DNA, both at a resolution of 2.3 A Ê . Vvn represents the ®rst solved structure in this family of extracellular endonucleases and it bears a novel mixed a/b topology. Comparison with other nucleases interestingly reveals a similar structural arrangement in the endonuclease active site containing two b-strands and one a-helix with a centrally located divalent metal ion. In the crystal structure of the Vvn±DNA complex, an enzyme± substrate complex with an intact DNA and an enzyme± product complex with a cleaved DNA are both present, providing an ideal case to elucidate the hydrolysis mechanism. Moreover, the interaction between Vvn and DNA demonstrates how a protein may bind duplex DNA without sequence preference.
Results

Endonuclease activity
The vvn gene of V.vulni®cus was subcloned into pTYB2 vector and Vvn was overexpressed in E.coli B834. The puri®ed Vvn had a mol. wt of 24 780 Da as measured by mass spectrometry, close to the calculated M r of 24 785 Da for the matured Vvn containing residues 19±231 without the N-terminal signal peptide. A plasmid DNA was used as the substrate to monitor Vvn endonuclease activity through DNA topological changes in agarose gel electrophoresis. We found that the supercoiled DNA was cleaved into linear and open-circular forms or completely degraded with higher concentrations of enzymes. In identical buffer solutions (50 mM Tris±HCl and 10 mM MgCl 2 at pH 8), Vvn appeared to have a slightly better endonuclease activity than DNase I and ColE7, but weaker activity than Serratia nuclease (see Figure 2A) .
The DNA cleavage products resulting from Vvn hydrolysis were assayed further using two different enzymes: T4 polynucleotide kinase (T4 PNK), which only labels 5¢-hydroxyl groups, and terminal deoxynucleotidyl transferase (TdT), which only labels 3¢-hydroxyl groups. Figure 2C shows that the DNA hydrolysis products were only labeled by TdT, suggesting that the products were DNA fragments containing a 3¢-OH and a 5¢-phosphate. Therefore, Vvn cleaves at the 3¢ side of a phosphodiester bond, similar to DNase I, Serratia nuclease and ColE7.
Structure determination
The crystal structure of Vvn was solved by the multiwavelength amorphous diffraction (MAD) method using the anomalous signals from selenomethionine (Se-Met)-labeled protein crystals. A Vvn mutant replacing His80 with alanine was constructed which possessed only~0.1% endonculease activity of the wild-type enzyme in the presence of Mg 2+ or Ca 2+ (see Figure 2B ). This mutant was co-crystallized with an 8 bp double-stranded DNA (dsDNA), 5¢-GCGATCGC-3¢, to avoid DNA degradation by the enzyme. The crystal structure of the Vvn-H80A± DNA complex was solved by the molecular replacement method using the Se-Met-labeled Vvn structure as the search model. The ®nal model of the Vvn structure contained a single Vvn molecule (residues 19±228), one magnesium ion and 194 water molecules. There were two protein±DNA complexes in one asymmetric unit of the monoclinic crystals of the Vvn-H80A±DNA complex. (Wu et al., 2001 ) with several representative extracellular nucleases: Dns from Vibrio cholerae (Focareta and Manning, 1987) , NucM from Erwinia chrysanthemi (Moulard et al., 1993) , EndoI from Escherichia coli (Jekel and Wackernagel, 1995) , and Dns and DnsH from Aeromonas hydrophila (Chang et al., 1992; Dodd and Pemberton, 1996) . The N-terminal signal peptide from residues 1 to 18 marked in the yellow-shaded box is cleaved off during transportation. The secondary structural elements of a-helices and b-strands in the crystal structure of Vvn are illustrated above the sequences. The eight cysteine residues making the four disul®de bridges are marked in blue. The residues responsible for metal binding are marked in red.
Crystal structures of Vvn and Vvn±DNA complex Therefore, the ®nal model of the Vvn-H80A±DNA complex contained two Vvn molecules (residues 19±231 in the A chain and residues 19±228 in the B chain), two dsDNAs (chains C/D and E/F), two calcium ions and 328 water molecules. Both structures were re®ned to a resolution of 2.3 A Ê with good geometrical and re®nement statistics (see Table I ).
Overall structure of Vvn
The crystal structure of Vvn revealed a V-shaped mixed a/ b fold (see Figure 3A) . The left half of the structure contains mainly eight a-helices within which the helix a7 is extended from the left to the right arm of the molecule. The right half of Vvn contains mostly b-strands, with a four-stranded b-sheet on the top, another four-stranded b-sheet on the bottom and two small a-helices in between. There are four disul®de bridges within the whole molecule, two in the left side mostly between helices (Cys93± Cys102 and Cys207±Cys228) and two in the right side mostly between loops (Cys44±Cys149 and Cys46±Cys62). Since Vvn is not active under reducing conditions (Wu et al., 2001) , these four disul®de bonds are probably required for stable folding of the protein.
A structural homology search using DALI (Holm and Sander, 1993) revealed that Vvn has a novel fold, different from those of other known folds in the database. However, DALI revealed unexpectedly that a small region in Vvn, containing b3, b4 and a6 (displayed in red in Figure 3A) , bears some structural similarity to the putative endonuclease active site of phage T4 EndoVII (Raaijmakers et al., 1999) . A metal ion was identi®ed further in Vvn, bound directly to the residues located in b3 and a6. Since a calcium ion is located at a similar position in the active site of EndoVII (described in the Discussion), it is very likely that the metal-binding site in Vvn is also an active site for DNA hydrolysis.
Structure of the active site
The six-coordinated metal ion located in the central cleft region of Vvn was assigned as a magnesium ion for the following two reasons. First, magnesium was the only metal ion (10 mM MgCl 2 ) present under the crystallization conditions used. Secondly, the coordination and geometry of the metal ion-binding site are best ®tted as a magnesium ion (Dudev and Lim, 2001) , which is bound to Glu79 (Oe 1 ), Asn127 (Od 1 ) and four water molecules in an octahedral geometry, with an average Mg±O bond distance of 2.08 A Ê . Structural re®nement gives a reasonable B-factor of 23.9 A Ê 2 for the magnesium ion, close to the B-factors of those magnesium-bound oxygen atoms (see the omitted electron density maps around the magnesium-binding site in Figure 3B ). A water molecule, W1, bridges the magnesium-bound water molecule and His80 (see Figure 3C ).
The side chain of Asn127 is restrained by the hydrogen bond between Asn127 (Nd 2 ) and Glu77 (Oe 1 ). Glu77 makes further hydrogen bonds with Arg72. This hydrogen bond network (see Figure 3C ) ®xes the side chain (l) forms. In the reaction buffers used here, Vvn appeared as a weaker DNase than the Serratia nuclease, but more active than DNase I and ColE7. (B) The endonuclease activity of the Vvn mutant H80A was assayed in the presence of 10 mM Mg 2+ or Ca 2+ . Vvn mutant H80A showed no observable DNase activity when its concentration was <1 mM. As the concentration of H80A increased to the mM range, 0.1% residual activity was detected compared with the wild-type Vvn in the presence of Mg 2+ or Ca 2+ . (C) The Vvn cleaved DNA products were labeled with T4 polynucleotide kinase (T4 PNK) and terminal deoxynucleotidyl transferase (TdT), which can only label 5¢-OH and 3¢-OH terminal products, respectively. The products were only labeled by TdT, suggesting that Vvn cleaved at the 3¢ side of a phosphodiester bond, generating a 5¢-phosphate and 3¢-OH products.
conformation of Asn127 for metal binding. A similar phenomenon has been observed for the catalytic zinc ionbound histidines which are hydrogen-bonded almost universally to oxygen-containing residues in the second shell (Alberts et al., 1998) . In this way, a more rigid framework is established for the binding of the catalytic metal ion.
Overall structure of Vvn±DNA complex The overall crystal structure of two Vvn molecules (chains A and B) bound to two 8 bp DNA (chains C/D and E/F) in one asymmetric unit is shown in Figure 4A . The V-shaped cleft of Vvn faces DNA so that the bba±metal motif is located close to the DNA backbones. Vvn appears to bind DNA as a monomer mainly at its minor groove, resulting in DNA being bent away from the enzyme at an angle of 20°, effectively widening the narrow minor groove. The a-helix (a6) in the bba±metal motif is aligned in the minor groove, and one of the DNA backbones is inserted in the cleft region between a6 and b3. The two DNA molecules appear to stack on top of each other; however, the twist angle between the interfaced base pairs of the two DNAs is ±28.7°, indicating that the two DNA molecules are not stacked in a conventional way as a pseudo continuous DNA.
The structure of the H80A mutant in the protein±DNA complex is almost identical to that of the free-form Vvn, only deviating from it by an average r.m.s.d. of 0.8 A Ê for the A chain and 0.86 A Ê for the B chain (Ca atoms). This indicates that DNA binding does not induce conformational changes in Vvn. The molecular surfaces of the freeform Vvn and DNA-bound Vvn, color-coded with electrostatic potential, are displayed in Figure 4C and D. Vvn has a shape-complementary surface for accommodating a dsDNA. A relatively deep cleft located in the central surface of Vvn is bound to one strand (chains C or E) of DNA backbones and a shallower cleft next to it is bound to the other strand (chains D or F). Several basic and polar residues located along the two clefts make direct or water-bridged hydrogen bonds to the phosphates in DNA.
Enzyme±substrate and enzyme±product complexes
The two protein±DNA complexes (B/CD and A/EF in Figure 4A ) in the crystals are not crystallographically identical and deviate from each other with an average r.m.s.d. of 0.51 A Ê for Vvn (Ca atoms) and 2.22 A Ê for DNA (P atoms) when the two Vvn molecules were superimposed. The major differences lie in the interface regions where the E strand of DNA is bound closer to the active site of Vvn (chain A) than that of the C strand (to chain B). A closer look at the electron density maps (see Figure 5A 
and B) in the active site region surprisingly shows that the B/CD is the enzyme±substrate complex and the A/EF is the enzyme±product complex in which the phosphate backbone is cleaved. Since the Vvn H80A mutant still contained residual activity in 200 mM CaCl 2 buffers (data not shown), which was close to the crystallization conditions, the enzyme cleaved part of the DNA molecules in the crystal. The calcium ion assigned in the structure has a reasonable temperature factor of 25 A Ê 2 , and a good geometry with an average Ca±O distance of 2.5 A Ê . The average temperature factor for DNA atoms is 59.9 A Ê 2 , signi®cantly higher than the average B-factor of 31.2 A Ê 2 for the proteins atoms. However, the electron density for the DNA strands (chains C, D, E and F) were well de®ned and a gap was clearly shown between the scissile phosphate and sugar group of C6. The Arg99 is located more distantly from the scissile phosphate in the enzyme±substrate complex, but is directly hydrogen-bonded to the cleaved phosphate in the enzyme±product complex. This interaction could explain how the E strand of the DNA duplex moves closer to the enzyme. In the enzyme±substrate complex (chains B/CD), the DNA strand (strand C) bound at the central cleft region makes contacts with Vvn mainly at its 3¢ end. The schematic diagram shown in Figure 5D lists all the hydrogen bonds between Vvn and DNA in the B/CD complex. The residues from the bba±metal motif, including Trp78 and Ser131, and also the residue outside the motif, Trp85, make direct or water-bridged hydrogen bonds with DNA phosphate. The second DNA strand (D chain) is also bound mainly at its 3¢ side to Arg67. There are altogether seven direct and water-bridged hydrogen bonds in the buried protein surface of 572 A Ê 2 , which is a considerably lower value than the average buried protein surface of~1600 A Ê 2 found in other protein±DNA complexes (Jones et al., 1999; Nadassy et al., 1999) . This is probably because a shorter DNA octamer was used for crystallization in this study; a longer DNA may contact Vvn over a larger interface. The hydrogen bond pattern between Vvn and DNA is unique in that only the phosphates, but not the sugar groups or the bases, are involved in the hydrogen bond contacts with Vvn. This result explains the sequence-independent recognition of DNA and RNA by Vvn.
In the enzyme±product complex (chains A/EF), the protein±DNA interactions resemble those of the enzyme± substrate complex (B/CD). However, there are more hydrogen bonds, a total of 13, between Vvn and DNA (see Figure 5E ). This is probably because DNA strands are bound closer to Vvn in the enzyme±product complex than those of the enzyme±substrate complex. A notable difference is that the side chain of Arg99 and the main chain atoms of Ala80 are hydrogen-bonded to the cleaved 5¢-phosphate, which are not observed in the enzyme± substrate complex. The buried protein solvent-accessible surface in the enzyme±product complex increases from 572 to 669 A Ê 2 .
The DNA octamers in both enzyme±substrate and enzyme±product complexes are deformed from a straight B-form DNA. There are two kinks between G 3 and A 4 , and T 5 and C 6 in the enzyme±substrate complex, as demonstrated by the large positive roll angles at these two base pair steps, resulting in a total bending by~20°( Figure 5C ). This DNA bending widens the minor groove at the central region from 5.6 A Ê in the case of canonical B-DNA tõ 9.5 A Ê , as calculated by Curves (Lavery and Sklenar, 1988) . Several hydrophobic residues are located close to the DNA sugar±phosphate backbones near the kink positions, including Phe155 which makes van der Waals contacts with the ribose group of C14, and Trp85 and Trp94 in close contact with the ribose group of T5. These hydrophobic residues do not intercalate into the minor groove, such as the Leu116 in I-PpoI (Galburt et al., 2000) , or intercalate between base pairs, such as those found in TBP (Kim,J.L. et al., 1993; Kim,Y. et al., 1993) , Sac7d (Robinson et al., 1998) and SRY (Werner et al., 1995) . However, the hydrophobic interactions between these residues and DNA probably also stabilize the bent structure of DNA. DNA in a bent conformation allows DNA backbones to align closely to Vvn and places the DNA scissile phosphate group between C 6 and G 7, near to the active site of the enzyme. The scissile phosphate directly binds to the calcium ion, replacing a water molecule originally bound to the metal ion in the free form of Vvn.
Discussion
Comparison with other endonucleases The active site of Vvn contains two antiparallel b-strands and one C-terminal a-helix, with a divalent metal ion located in the center. A similar`bba±metal' topology has been revealed in the active site regions of several endonucleases (Friedhoff et al., 1999b; Kuhlmann et al., 1999; Miller et al., 1999) , including the homing endonuclease I-PpoI (Flick et al., 1998), Serratia nuclease (Miller et al., 1994) , phage T4 Endo VII (Raaijmakers et al., 1999) , and the H-N-H ColE7 (Ko et al., 1999; Cheng et al., 2002) and ColE9 (Kleanthous et al., 1999) . Among these DNases, I-PpoI is the only site-speci®c endonuclease recognizing and cleaving dsDNA with a speci®c sequence of 13±15 bp (Ellison, 1993) . Serratia nuclease (Friedhoff et al., 1996) and ColE7 (Ku et al., 2002) are non-speci®c endonucleases cleaving ds or ssDNA and RNA with little sequence preferences. Endo VII recognizes structural perturbations in DNA, cleaving a variety of branched DNA structures, such as Holliday junctions, cruciform DNA, single-base mismatches and abasic sites (Greger and Kemper, 1998) .
The DALI search revealed a similarity in the active site region of Vvn and Endo VII; however, the bba±metal motif of Vvn also highly resembles those of the endonucleases described above. The superimposition (see Figure 6 ) between the secondary structure regions of the bba fold shows that Vvn matches well with Serratia nuclease (r.m.s.d. = 0.58 A Ê for Ca-atoms), I-PpoI Figure 6E ) used for the superimposition were aligned mainly based on secondary structure similarities. This structurally based sequence alignment shows that a histidine (displayed in red) is strictly conserved among these endonucleases, although they share little sequence homology to each other. This histidine (His98) functions as the general base in I-PpoI, activating a water molecule which then attacks the scissile phosphate in-line (Galburt et al., 1999) . Mutation of the corresponding histidine (His80) in Vvn produces an inactive mutant (H80A) and con®rms the critical importance of this residue in DNA hydrolysis (see Figure 2A) . The Ne atom of His80 in Vvn forms a hydrogen bond with the backbone carbonyl oxygen of Glu113, making His80 a stronger base in deprotonating a water molecule. A similar hydrogen bonding arrangement between the putative histidine general base and a carbonyl oxygen has been observed in I-PpoI and Serratia nuclease (Galburt et al., 1999) . The Nd atom of His80 in Vvn appears to make a hydrogen bond to the water molecule, W1, which is the nucleophilic water molecule, likely to be responsible for attacking the scissile phosphate (see Figure 3C) .
The metal ions located in the bba±metal motif are assigned as a magnesium ion in Vvn, Serratia nuclease and I-PpoI, a calcium ion in Endo VII and a zinc ion in ColE7. The asparagine (Asn127) responsible for metal binding in Vvn is well conserved among this group of endonucleases, except that it is replaced by a histidine (His569) in ColE7. This is probably because ColE7 needs a softer histidine to bind a transition metal ion, instead of alkaline earth metal ions (Sui et al., 2002) . The metalbinding residues aligned with Asn127 in Vvn are almost all making a hydrogen bond with a neighboring residue (Glu77 in Vvn). This interaction may restrain the side chain conformation of the metal-binding residue and makes the asparagine more polar to bind to the metal ion. The second metal-ion binding residue in Vvn, Glu79, is not as well conserved among these endonucleases, with only an aspartate (Asp40) in EndoVII and a histidine (His544) in ColE7, aligned in the same position, involved in metal binding.
Proposed hydrolysis mechanism
The crystal structure of the Vvn mutant in complex with DNA, containing an enzyme±substrate and an enzyme± product complex, provides a great opportunity to elucidate the DNA cleavage mechanism catalyzed by Vvn. Based on three rationales, we suggest that the His80 in Vvn acts as a general base by activating the water molecule (W1) to attack the scissile phosphate. First, we found in this study that the mutation of His80 to alanine abolishes the endonuclease activity of Vvn, demonstrating the critical importance of this residue in DNA hydrolysis. Secondly, structural similarities observed in the active site regions of Vvn, I-PpoI and Serratia nuclease indicate that these endonucleases may use a similar mechanism to catalyze DNA hydrolysis (Friedhoff et al., 1999a) . The His80 in Vvn can be structurally superimposed on to the general base residues, His98 in I-PpoI and His89 in Serratia nuclease, implying that it may play a similar role. Moreover, the hydrogen bond network surrounding His80 is similar to that observed for the general base histidines in I-PpoI and Serratia nuclease, including the hydrogen bonds between His80 and a backbone carbonyl group and a water molecule, W1. Thirdly, in the VvnH80A±DNA±Ca 2+ complex, the Ca 2+ -coordinated outer sphere water molecule W1 is 3.3 A Ê away from the phosphorus atom and the bond angle in W1-P-O3¢ is 160°( in the B/CD enzyme±substrate complex), ideal for an inline attack on the scissile phosphate (see Figure 7A) .
After nucleophilic attack of the scissile phosphate by a water molecule, a general acid is required to provide a proton for the departing oxygen group in a DNA hydrolysis reaction catalyzed by an endonuclease. What is the general acid in Vvn that protonates the leaving 3¢-oxygen group? The magnesium ion in I-PpoI has been shown biochemically (Friedhoff et al., 1999a; Mannino et al., 1999) and structurally (Galburt et al., 1999) to (Miller et al., 1994) , (B) I-PpoI (Flick et al., 1998), (C) Endo VII (Raaijmakers et al., 1999) and (D) ColE7 (Cheng et al., 2002) , respectively. These endonucleases share no sequence homology but all contain a similar folded active site. (E) The structure-based sequence alignment of the bba±metal motif in several endonucleases. The His80 in Vvn is conserved among these endonucleases. Glu79 and Asn127 in Vvn are responsible for metal ion binding, and the aligned residues in other endonucleases play a similar role (boxed residues). Glu77 in Vvn makes a hydrogen bond to Asn127 to ®x its orientation for metal ion binding, and the residues aligned at the same position to Glu77 all function in a similar manner.
accelerate the reactions in three ways: stabilizing the phosphoanion transition state; positioning and activating a water molecule to donate a proton to the leaving 3¢-oxygen; and introducing strain into the substrate complex that is relieved in the product complex. In the Vvn-H80A± DNA complex, the inner sphere metal-coordinated water molecule, W2, is close to the 3¢-oxygen atom, positioned appropriately for providing a proton to the leaving group. Therefore, the divalent metal ion in Vvn directly bound to the scissile phosphate may participate not only in stabilization of the phosphoanion transition state, but also in protonating the 3¢-oxygen leaving group. The proposed catalytic mechanism for Vvn is thus a typical single-metal ion mechanism as shown in Figure 7C , similar to those suggested for I-PpoI and Serratia nuclease.
In the active site of Vvn, the side chain of Arg99 is oriented away from the scissile phosphate in the enzyme± substrate complex; however, the side chain is re-oriented and makes a hydrogen bond to the closer 5¢-phosphate in the enzyme±product complex. The Arg61 in I-PpoI seems to behave similarly (Galburt and Stoddard, 2002) in that the cleaved 5¢-phosphate moves to form a hydrogen bond with Arg61 in the enzyme±product complex (Galburt et al., 1999) . Therefore, we suggest that Arg99 in Vvn plays a role similar to that of Arg61 in I-PpoI in stabilizing the product relative to the transition state to decelerate the reverse reaction. Fig. 7 . The structure of the active sites in the Vvn±DNA complex: (A) enzyme±substrate and (B) enzyme±product complexes. In the enzyme±substrate complex, the scissile phosphate is bound to the calcium ion and Arg99 points away from the phosphate. However, in the enzyme±product complex, the scissile phosphate makes a hydrogen bond with Arg99. (C) Proposed DNA hydrolysis mechanism catalyzed by Vvn. His80 functions as the general base to activate the water molecule, W1, for an in-line attack on the scissile phosphate. The magnesium ion stabilizes the phosphoanion transition state and the magnesium ion-bound water molecule (W2) provides a proton to the 3¢-oxygen leaving group.
Non-speci®c DNA recognition Non-speci®c DNA-binding proteins almost always bind dsDNA at the minor groove (Luscombe and Thornton, 2002) , including chromosomal architectural proteins, such as the prokaryotic HU (Tanaka et al., 1984) , archaeal Sac7d (Robinson et al., 1998) and the eukaryotic HMG1/2 family of proteins (Allain et al., 1999) , and the DNA enzymes, DNase I (Suck et al., 1988) and Taq polymerase (Eom et al., 1996) . De®ciency of chemical features presented by the minor groove is considered as the basis of using the narrow groove for sequence-independent recognition in DNA. Moreover, the DNA bending and deformation induced by the protein binding at the minor groove is sometimes required for the biological functioning of these proteins (Bewley et al., 1998) . Hence, for nonspeci®c DNA-binding proteins, binding at minor grooves can be advantageous in avoiding sequence-dependent DNA recognition and in inducing DNA deformation.
Vvn is an example of a non-speci®c endonuclease that binds at the minor groove. Remarkably, Vvn only contacts phosphate backbones of DNA molecules but not their base pairs. This is rare compared with other non-speci®c DNAbinding proteins, most of which still hydrogen-bond considerably to DNA base pairs in the widened minor groove (Luscombe and Thornton, 2002) . Vvn differs from the chromosome-associated proteins in that it does not need to deform DNA signi®cantly to carry out DNA hydrolysis. Therefore, it is possible that non-speci®c DNA-binding proteins, which are not required to largely deform DNA, may choose to bind DNA at minor grooves mainly to avoid any sequence-dependent contacts at major grooves. Therefore, Vvn may bind DNA at minor grooves but only moderately bend DNA in order to avoid closer contact with DNA base pairs and the higher energy required for DNA deformation. More crystalline structures of non-speci®c DNA-binding protein±DNA complexes need to be solved to ascertain if this hypothesis can be extended to interactions between sequence-independent proteins and DNA in general, especially for the cases in which DNA is not required to be sharply bent.
Conclusion
This work is the ®rst to report the structure of the periplasmic endonuclease Vvn, of the family of extracellular nucleases that participate in DNA digestion in order to protect bacterial cells. Vvn contains a novel structural fold but bears a known endonuclease active site identi®ed in several site-speci®c or non-speci®c endonucleases. This indicates that evolution has preserved the general bba±metal fold of the active site for endonuclease activity. The crystal structure of Vvn in complex with its DNA substrate further reveals how this family of proteins binds and hydrolyzes DNA. Vvn binds DNA at minor grooves inducing moderate DNA bending, and only contacts the phosphate backbones. The interaction between Vvn and DNA, shown in this study, implicates a mechanism by which non-speci®c DNA-binding proteins recognize DNA without sequence preference. Finally, a single-metal ion mechanism is proposed for the DNA hydrolysis catalyzed by Vvn, based on the crystal structures of Vvn in complex with an intact and a cleaved DNA, respectively. Our data provide a solid foundation for a better understanding of the molecular mechanisms of nonspeci®c endonucleases involved in the protection of bacterial cells and the recognition of DNA by sequenceindependent DNA-binding proteins.
Materials and methods
Cloning, expression and protein puri®cation Vibrio vulni®cus vvn from plasmid pSI026 (Wu et al., 2001 ) was ampli®ed by PCR, using primers 5¢-CTGCTCTAGAATGAAGCGA-TTATTC-3¢ and 5¢-CGCTCTAGATTATTGAGTTTGACA-3¢. The PCR product was cloned into the XbaI±NdeI site of pTYB2 (NEB) vector. The pTYB2-vvn expression vector was transformed into E.coli B834(DE3) cells (NEB), cultured using LB medium (100 mg/ml ampicillin) to an OD 600 of 0.6 and then induced with 0.8 mM isopropyl-b-Dthiogalactopyranoside (IPTG) at 30°C for 8 h. The periplasmic fraction of the cultured cells was prepared by the standard sucrose-EDTA method described previously (Wu et al., 2001) . The Vvn-containing fraction was then applied onto a HiTrap-SP column (Pharmacia). After washing with buffer A (50 mM Tris±HCl pH 7.5), Vvn was eluted using a NaCl gradient (buffer A plus 1 M NaCl). The puri®ed Vvn had a homogeneity of~99% as analyzed by Coomassie-stained SDS±PAGE. The protein sample was concentrated to 10 mg/ml by ultra®ltration on Centricon units (Amicon) and stored at ±70°C.
The Se-Met-labeled Vvn was expressed from methionine auxotroph E.coli B834(DE3) in a medium consisting of 1Q M10 minimal medium supplemented with 80 mg/l each amino acid except methionine and 80 mg/l seleno-L-methionine (Mechaly et al., 2000) . The induction conditions of Se-Met-Vvn were modi®ed by addition of 1.2 mM IPTG to the culture at 30°C for 24 h. The puri®cation process was the same as that of the wild-type Vvn. The eluted SeMet-Vvn was concentrated to 10 mg/ ml via Centricon. The H80A mutant of Vvn was constructed using à QuickChangeTM site-Directed Mutagenesis kit' (Stratagene) and was expressed and puri®ed in the same manner as wild-type Vvn. Electrospray ionization mass spectrometry con®rmed the identities of the wild-type, Se-labeled and mutated Vvn.
Endonuclease activity assay Plasmid nicking assays (Figure 2A and B) . Enzymes used for plasmid nicking assay were quanti®ed by Bio-Rad protein assay. Protein concentrations of Serratia nuclease (Sigma), DNase I (Sigma), the nuclease domain of ColE7 (Ku et al., 2002) , Vvn-H80A and Vvn were adjusted between 0.01 nM and 0.1 mM by series dilution. The plasmid digestion experiment was performed at 37°C in reaction buffers containing 10 mM MgCl 2 or 10 mM CaCl 2 and 50 mM Tris±HCl pH 8.0. The supercoiled form of the DNA plasmid prepared by CsCl± ethidium bromide gradients was incubated with each enzyme at 37°C for 10 min and the reactions were stopped by the sample buffer containing 10 mM EDTA. The plasmid nicking results were analyzed on 1% agarose gels.
Terminal labeling experiments ( Figure 2C ). The plasmid DNA digested by Vvn at 37°C overnight was used for labeling experiments. For 5¢ labeling, digested DNA, [g-32 P]ATP and T4 polynucleotide kinase (Roche) were mixed and incubated at 37°C for 30 min. For 3¢ labeling, digested DNA, [a-32 P]ATP and TdT transferase (Roche) were mixed and incubated at 37°C for 30 min. Reactions were stopped by sample loading buffers and the labeling results were analyzed by 15% PAGE.
Crystallization and data collection SeMet-Vvn was crystallized at room temperature by hanging drop vapor diffusion against 30% PEG8000, 0.2 M ammonium acetate, 0.01 M magnesium acetate and 0.05 M sodium cacodylate at pH 6.5. The SeMetVvn crystallized in a monoclinic P2 1 space group with one molecule per asymmetic unit. The MAD experiments using synchrotron X-ray radiation were performed at the beamline 18B, KEK Photon Factory, Tsukuba, Japan. Crystals ®rstly were¯ash-cooled in mother liquor containing 20% glycerol (v/v) and diffraction data sets were collected at ±150°C. After a wavelength scan for selenium absorption in the Se-MetVvn crystal, three data sets were collected by a Quantum 4 CCD detector at wavelengths of 0.9795 (peak), 0.9796 (edge) and 0.9600 A Ê (remote). Diffraction data were processed with DENZO and SCALEPACK (Otwinowski and Minor, 1997) .
The Vvn-H80A±DNA complex crystals were grown by the hanging drop vapor diffusion method. A protein±DNA solution (9.4 mg/ml) was prepared by mixing the 8 bp palindromic DNA (5¢-GCGATCGC-3¢) with Vvn-H80A at a 1:1 molar ratio. The Vvn-H80A±DNA solution was mixed further with the reservoir solution containing 20% PEG3350 and 0.2 M calcium acetate. Crystals of Vvn-H80A±DNA complex were grown at room temperature after 3 weeks. Crystals were¯ash-cooled in reservoir solution supplemented with 20% glycerol for data collection. The diffraction data of VvnH80A±DNA were collected at Taiwan beamline BL12B2 at SPring-8, Japan. The Vvn-H80A±DNA complex crystallized in a monoclinic P2 1 space group with two protein±DNA complexes per asymmetric unit. Cell parameters and diffraction statistics are listed in Table I .
Structure determination and re®nement
The MAD method was used in conjunction with the CNS program (Bru Ènger et al., 1998) to identify ®ve selenium sites and calculate the initial MAD phases of the Vvn structure. Solvent¯attening was employed to improve the experimental maps further. Vvn model building was performed using the program TURBO-FRODO. The resulting Vvn model was re®ned and water molecules were added with a water-pick routine in the CNS program. The quality of the model was cross-validated by using 8% of independent re¯ections in a test data set. The ®nal Vvn model has an R-factor of 18.6% and an R free of 26.9% for 9127 re¯ections in the resolution range 40.0±2.3 A Ê . Stereochemical analysis of the re®ned model using PROCHECK revealed that main chain and side chain parameters were better than or within the typical range of values for protein structures determined at corresponding resolutions.
The Vvn-H80A±DNA complex structure was determined by molecular replacement using the program CNS (Bru Ènger et al., 1998) . The Se-MetVvn structure was used as the search model for the two expected solutions in rotational and translational searches. After the re®nement of the two protein molecules, the R-factor decreased to 28.9%. At this stage, the Fourier maps gave a clear continuous electron density of the two DNA octamers, and the DNA structural models were built accordingly. The ®nal complex model has an R-factor of 19.1% and an R free of 26.0% for 21 165 re¯ections in the resolution range 40.0±2.3 A Ê . The ®nal re®nement statistics are listed in Table I . Atomic coordinates have been deposited in the PDB with accession codes of 1OUO for Vvn and 1OUP for the Vvn± DNA complex.
